Abstract-The plug-in electric vehicle (PEV) is a new atypical load in power systems. In future, PEV load will play a significant role in the distribution grids. This integrated load into the power grid may overload the system components, increase power losses, and affect the voltage profile in the distribution systems. Currently, the constant power load model is most commonly used for the modeling of the electric vehicle (EV) load that considers the EV loads as constant power elements without considering the voltage dependence of the EV charging system. EV load demand cannot be considered as a constant power due to the fact that modeling as a constant power load will not provide accurate information about the behavior of the charging system during the charging process. In this paper, an accurate model representing the realistic behavior of EV load is developed which is based on the ZIP load model with the ZIP parameters established through the realistic EV load data. The proposed model can be used to analyze the true behavior of the EV charger integrated to an electricity grid and determine the impacts of EV charging load on the grid. A realistic charging system was used to test and capture the EV load behavior and extract the coefficients of the EV ZIP load model, which have been verified using computer simulations and laboratory experiments. Additionally, a comparative study between the proposed ZIP load model and the constant power load model was carried out, and the results were verified with the practical EV load data. The results confirm that EV represented using constant power load will not provide the true reflection of the EV load behavior and the EV impacts on the power grid.
petrol-driven vehicle, it is crucial to develop smart battery chargers.
In particular, battery chargers can produce effects on low voltage distribution systems. Although these effects are small in a distribution system from a view of a single EV owner, however, there are a large number of EVs that may be charged at the same time from a distribution grid, and hence, deleterious effects in an entire distribution system can be highly significant. Therefore, it is necessary to develop an effective EV load model to investigate the impacts that the charging of PEVs can have on the security and operation of distribution grids [2] .
The load model is a set of equations representing the mathematical relationship between a bus voltage magnitude and frequency at a given bus bar and the (active and reactive) power or the current flowing into the load of the same bus. Two typical load models, which are well developed and applied, are the static load model and dynamic load model. While the relationship in the static load model is described by algebraic equations, differential equations are used instead to represent the dynamic behavior of the system in the dynamic load model [3] , [4] . Typically, loads are modeled as purely static functions of voltage and frequency in which the per-unit voltage variation is much larger than the per-unit frequency variation. In fact, load can be broadly categorized into two categories: one category in which electrical power is independent of frequency, such as lighting, heating, or any pure resistive loads, and the other category in which electrical power is dependent on frequency, such as motor, fans, or any inductive loads. Thus, in a composite load bus, the change in electrical power is not equal to the initial change in load power but a part of the load that varies with the changing of frequency [5] .
There are two types of battery chargers, which are the offboard charger and onboard charger. The off-board charger can be separated from the EV and can be compared to a petrol station that is designed to have a fast charge. The onboard charger is combined with the EV and can be separated from the driving system or combined with the inverter connected to the drive motor [6] and would be appropriate for slow charge using a household power outlet during night times, when demand for electricity is low.
In many designs and studies related to EV battery chargers, the EV battery loads are considered as a static load, and the realistic system behavior of the batteries during the charging process has been ignored. Indeed, the energy consumption by an EV is a function of not only the terminal voltage but also other variables governed by the battery state of charge (SOC) due to the changes in charging rate. Furthermore, the voltage dependence of the charging system is a function of SOC, and this can cause different load characteristics for different SOC levels [7] . As a result, there is a necessity to characterize the dynamics of the EV loads due to battery charging considering different SOC levels.
The voltage response of four different EV types was measured in [8] for determining the ZIP parameters of the EV load model. Even though the parameters were estimated for different EVs in [8] , the control platform used for charging each of the four EVs was different, and as a result, active and reactive power responses (i.e., power factors) were found to be different. Moreover, it is not clear whether the level of SOC for each EV has been checked to make it the same for each of the four EVs before starting the measurement. It is apparent that this study has been done without considering the individual characteristics of the dc-side model of different EV systems, such as battery management system, battery chemistry, power electronics converters, and their controlling strategies. Hence, it is evident that a comprehensive model of the EV charging system to represent the EV load for EV integration studies is necessary.
The main objective of this paper is to establish a comprehensive model to analyze and characterize the EV battery charging system, which is the main important approach to determine the ZIP parameters for different battery types with different charging system topologies. Indeed, the major issue is to demonstrate that EV is voltage dependent and can have different ranges of ZIP coefficients. It is important to note that the experimental work in this paper was performed to confirm that the EV load model can have different ranges of ZIP coefficients, and the results of the proposed charging model are comparable to that of the actual charging system. Methodologies are proposed to analyze the response of the model for the EV battery charging system and investigate its performance on a standard distribution system.
The upcoming reality of smart grids will require detailed studies and new developments to alleviate the aforementioned problems, aiming for the effective integration of EVs to the grids. With this target, the work covered in this paper is to investigate the realistic effects of the EV load model on system losses and bus voltages or the voltage profile. The rest of this paper is organized as follows. Section II provides a review of the battery charger topologies targeting to single-phase onboard battery chargers, including their design philosophy and modeling aspects. The battery charging profiles and charging systems are discussed in Section III. The verification and implementation of the EV ZIP load model are presented in Section IV. The results are outlined in Section V. Finally, the conclusion is given in Section VI.
II. ONBOARD BATTERY CHARGERS AND THEIR DESIGN PHILOSOPHY AND MODELING ASPECTS-A REVIEW
In the recent years, there are significant research contributions in the field of PEV integration into the power grids. Although the results from these various contributions are promising, unfortunately, the EV load is modeled as a constant power load in most of these studies. This model is a simple model in which the active and reactive loads are treated as independent of voltage magnitude. Since EV charging systems will be integrated in the existing distribution systems near the future, an accurate load model that reliably reflects the underlying phenomena of the physical loads gives a better tuning of the control operation. Therefore, the use of correct load models is vital to ensure the appropriate design deployment and improve operational conditions [9] . In the previous bibliographies on PEVs [10] [11] [12] [13] [14] , the load model considers the variation of the distribution system supply parameters, but the general case for the load model is that the distribution system affects the EV loads and the EV loads have an effect on the distribution system measurement. While the intent of the study presented in [8] is not to make any modeling of the charging system but rather to measure the behavior of specific EV types which is only a hardware-based solution, the presented work in this paper is both a model-based and a hardware-based solution for measuring and analyzing the EV behavior and determining the ZIP parameters that will be thoroughly addressed in the following sections.
The modeling of EV load for system studies requires an accurate understanding of its battery profile and charging characteristics. Thus, the design of EV battery chargers with proper charging algorithms is essential to meet the regulatory requirements for the quality of the charging voltage and current. Currently, all chargers in the market employ unidirectional chargers with traditional charging methods that consist of constant current (CC) and constant voltage (CV) [15] . A typical block diagram of an EV onboard battery charger is shown in Fig. 1 which illustrates the two converters: an ac-dc converter with power factor correction (PFC) [16] , [17] followed by an isolated dc-dc converter, with input and output electromagnetic interference filters.
A key component of the charging system is the front-end ac-dc converter. The full-bridge topology with a conventional boost converter is the most popular ac-dc converter topology for PFC applications used in the 1-5-kW range [18] . However, with the potential applications, a single-phase two-switch bucktype ac-dc converter topology with inductor voltage control appears to be a good candidate for high-current battery charging applications when used as a PFC converter due to the fact that the CC-and CV-type battery charging characteristics can be easily implemented [19] . A variety of circuit topologies and control methods have been developed for PEV battery chargers [16] , [20] [21] [22] [23] [24] [25] [26] . Single-stage ac-dc power conversion where the low frequency ripple is large in the output current is only suitable for lead-acid batteries. On the other hand, the two-stage ac-dc/dc-dc power conversion provides inherent low frequency ripple in the output current. Hence, the two-stage approach is preferred where the power rating is relatively high for batteries requiring low voltage ripple, such as lithium-ion batteries [24] .
Knowing that the charging time and battery life are linked to the characteristics of the battery charger, adequate care must be paid to the charger. The conventional boost topology charger is the most popular topology for PFC applications. In this topology, the output capacitor ripple current and the inductor volume become a problematic design issue at high power. Therefore, this topology is good for a power range below 1 kW [16] , [24] . Significant study outcomes related to single-phase charger models are given in [16] and [26] . Based on a wide ranging study of the literature, it has been found that the flyback converter operating in discontinuous current mode is the preferred topology [23] . In this topology of EV chargers, the input current is directly proportional to the input voltage, and since the circuit is seen as a resistive load on the ac supply side, with a careful design of such topology, the electrolytic capacitors can be eliminated [27] . The interleaved unidirectional charger topology based on a bridgeless boost PFC topology avoids the need for the rectifier input bridge [24] . Generally, interleaving with the input bridge has been also proposed to reduce battery charging current ripple and inductor size for power levels up to 3.5 kW [16] , [24] . However, this topology must provide heat management for the input bridge rectifier [17] .
The operation of an EV battery charger depends on components and the control strategies employed. Referring to Fig. 1 , in the first stage of control, sensing circuits provide the status of all relevant system variables required for controlling the algorithm as feedback signals. The control algorithm is responsible in achieving high-level steady-state and transient performance.
The reference values of system variables along with measured values are used in the third stage of the control strategy to derive the gating signals for the controllable switches of the converters. All of the current EVs available in the market use conventional unidirectional chargers whose first stage is a diode bridge rectifier [15] , [17] . Due to the time-varying nature of voltage and/or current of ac-dc converters, it is practically difficult to design controllers for single-phase chargers with control gains selected for fundamental frequency. Thus, different types of controlling strategies have been proposed and available in the literature, and some of them are available in practice for single-phase converters with different control strategies [28] .
Currently, most PEVs use a single-phase onboard charger, and many circuit configurations for a single-phase EV battery charger with various topologies and control schemes are reported in the literature. In [25] a single-stage integrated converter is proposed based on direct ac/dc conversion theory which is suitable for Level 1 (120-230-VAC one-phase) and Level 2 (240-400-VAC one-or three-phase) charging [17] . This converter is controlled using hysteresis control. A fourleg bidirectional EV battery charger has been investigated for charge station applications in [21] , where three legs are used for a single-phase full-bridge-based pulsewidth modulation (PWM) rectifier (ac-dc or dc-ac) during the battery charging/discharging operations. In this design, the PWM rectifier can compensate reactive and unbalanced active currents on single-phase three-wire distribution systems. The fourth leg is used as a bidirectional dc-dc converter for battery charging and discharging. An improved single-phase EV charger was developed and proposed in [22] . It is classified as an ac-dc controllable PFC buck converter with PWM switching that uses self-commutating solid-state devices. For the stability and optimum design of such a charger, the sizes of the capacitor and inductor on the input filter in the buck converter are quite important for a proper response [23] .
III. MODELING OF EV CHARGING LOAD
Lithium-ion chemistry possesses many features that may make it attractive and the preferred choice for EVs. This is due to its outstanding characteristics such as high energy density, high voltage, low self-discharge rate, long cycle life, and high charging and discharging capabilities. Note that batteries of the same type can present a different charging or discharging capability because of the difference in the chemical structure and manufacturers' policies [29] . In this section, the integration of EV charging into the power grid is investigated from different aspects, namely, EV charging loads, electric connection and control, and battery pack management.
A. EV Charging Profiles
The energy consumed by the device with a control loop that cycles the on and off is a function of the supply voltage and the length of time that it is on. When the supply voltage to the device is lowered, the energy level changes. Therefore, a collection of constant elements (impedance Z, current I, and power P ) in a ZIP model is used to model the voltage response of a device [8] , [9] . Similarly, the energy consumption by an EV is a function of the battery voltage at different ranges in SOC due to the changes in charging rate. This can potentially cause different load characteristics for different SOCs.
As seen from Fig. 1 , when the EV is charged from the grid side (grid to vehicle G2V), the charger is supplied with grid voltage V and absorbs the current I. On the battery side, V b and I b identify the terminal voltage and the current absorbed by the battery. Referring to the EV-battery-pack characteristic [30] as can be seen in Fig. 1 , it is clear that the voltage is a function of the SOC which is defined as
where S is SOC, Ch is the actual stored "Ah" capacity in the battery, and Ch nom is the nominal "Ah" capacity of the battery. The battery terminal voltage V b is determined by the battery dynamic parameters. It depends on the battery SOC and its impedance. For the battery charging current I b , it is evaluated through the battery management system by monitoring the battery voltage, SOC, and the battery temperature [7] , [31] . During the charging process, the active and reactive powers on the grid side can be calculated by
The charger control of the dc-dc converter maintains the difference between the I b and the reference charging current. The governing equation of the rectified voltage V r in the dc-dc buck converter as shown in Fig. 2 is given as follows:
where
The battery stores energy in the electrochemical form; thus, for representing the realistic characteristics of the rechargeable battery, the following formula is used [31] :
where Ch = i b dt (the positive sign of i b indicates that the battery is in discharging state, while a negative sign indicates that the battery is in charging state), t is the charging duration of a battery, R b is the internal resistance of the battery (ohm), V op is the open circuit voltage potential (V), K is the polarization voltage (V), A is the exponential zone amplitude (V), and B is the exponential inverse time constant (Ah −1 ). Considering the efficiency "η" of the charger, the power on the dc side of the battery charger at different levels of charging can be expressed in terms of the applied ac power as
As seen from the aforementioned equation, the system voltage dependence of the charging is a function of SOC. This system is not linear and can cause different load characteristics for different SOC levels. Therefore, a dynamic model of the EV charging system is necessary to evaluate the performance of the proposed methodology for the modeling of the EV charger integrated to an electricity grid in the context of practical system components. In the following section, time domain simulation is used to evaluate the performance of the aforementioned model. 
B. Simulations for ZIP Values of EV Load Model
The single-phase charger used in this study is composed of a fully controllable ac-dc converter with an input ac filter and a dc-dc buck converter [22] , [23] as shown in Fig. 2 . For this charger, the controllers used are shown in Fig. 3 . L1 and C1 form the ac-side filter, whereas L2 and C2 are used to reduce the high frequency ripple on the dc side. The current paths through the converter are listed in Table I . The charger operates as a buck converter during charging mode, and the flow of charge is controlled by the switches operating at high frequency. On the ac side, the main component to shape the input current is L1. For the dynamic analysis, the active and reactive power values of the charger are determined from the state variables representing the dynamic behavior of the EV charging system. However, as the work in this paper is targeting single-phase onboard battery chargers (i.e., slow charging), for the EV load modeling based on dynamic charging control, the electromagnetic transients in the power grid is of less interest.
The control objective of the dc-to-dc converter in the EV charging system is to maintain the dc bus voltage V c stable at the battery terminal. Ignoring the losses in the converters, the following relationship can be applied:
During the charging process, the dc bus voltage is maintained stable as indicated in (8), and within this process, the current and voltage error signals, which are the differences between the measured and reference values, are calculated to generate the switching frequencies; the charger should satisfy system operation constraints in terms of achieving a power factor value close to unity. Here, the direct duty cycle can be calculated using the generic expression as given in [33] 
where In the control scheme of the charging system shown in Fig. 3 , the SOC of the lithium-ion battery is utilized to satisfy the CC and CV algorithm. , and the expression for the reference storage current is given as follows:
where K PV and K IV are the proportional and the integral constant of the voltage controller. The current obtained by (10) is compared with the measured storage current I b , and the obtained error signal is processed by the PI current controller as follows:
where K PC and K IC are the proportional and the integral constant of the current controller. The obtained reference current given in (11) is computed from the values of ac power and voltage produced by a phase-locked loop (PLL) [32] to generate an ac reference current I ref ac , and then, this current is compared with the measured grid side current I ac and the obtained error signal is processed with a PI current loop controller. The output signal of the current loop controller given by (12) is fed to the PWM generator block to produce the gating signals. In the current loop controller, the current controller is to force the battery current I b to follow the reference current produced by the voltage controller:
where K PP and K IP are the proportional and the integral constant of the current loop controller. The charging system output is simplified by
In order to illustrate how the component parameters and system variables change with different levels of SOC, the EV charging system in Fig. 2 was simulated using MATLAB. A lithium-ion battery is modeled using the EV battery model given in [31] . The nominal capacity of a battery pack is 60 Ah with a nominal voltage of 280 V, and the discharging characteristic of this battery pack is shown in Fig. 4 . The battery charger is fed from a 230-V 50-Hz grid system. The general algorithm of a battery charger with a closed loop control in the CC charging mode is such that the battery is provided a high charging current until the battery voltage reaches a certain voltage level. After this threshold is reached, the charging is switched to CV charging mode where the battery is charged with a trickle current until the upper threshold voltage is maintained across the battery. Fig. 5 shows the active and reactive powers drawn by the charger as a function of SOC including the battery voltage, while Fig. 6 shows the dc current of the charger and the battery voltage during the charging process. It can be noted that the current drawn by the battery is reduced as the battery reaches its maximum charge. Fig. 7 shows the response of the battery voltage, charging current, and SOC for a sudden decrement of 20% in the input voltage. 
IV. VERIFICATION OF EV LOAD MODEL

A. Verification of the EV Charging System
The power consumed by the charging system is varied with varying supplied voltage into this system [34] . Thus, a set of I b and V b values for a range of SOC (10%-100%) at different input voltage levels of V ac (180-230 V) is obtained through the measurements using the EV charging system, and active and reactive powers consumed from the ac side are recorded at each level of voltage and SOC. These measured values resulted in a discrete voltage which is used to identify the voltagedependent nature of EV load profiles. The voltage-dependent profiles could be obtained by including the effects of EV loads during charging activities at different voltage levels as given in (14) and (15) , which are subjected to the constraints shown in (16) . A constrained least squared approach is utilized to determine the ZIP values for the models given by (14) and (15) that produce a best fit approximation to the recorded values subject to
where P o and Q o are the active and reactive consumed powers at rated voltage V o , i (i = 1, . . . , n) is the number of points selected within the voltage range, V i (S) is the ith measured point (voltage at the range of SOC), Zp, Ip, P p are the constant impedance, constant current, and constant power fractions of the active EV load, and Zq, Iq, P q are the constant impedance, constant current, and constant power fractions of the reactive EV load. Once the best fit ZIP values of (14) and (15) are found, they could be then implemented in the EV ZIP model of (21) and (22) . For a typical EV charging system as described in the previous section, the ZIP model obtained by fitting a curve to computer measurements is depicted in Fig. 8 . The ZIP model is verified by fitting a curve to experimental measurements for a small size battery pack and is shown in Fig. 9(a)-(c) . The parameters for the fitted curves are given in Table II . As can be seen, the EV load shows stronger dependence on voltage. However, this voltage dependence may change at a different nominal voltage (such as with charging Levels 2 and 3) [17] , [29] , amperage hour, and battery pack voltage. This can be observed from the differences between the resulting curves of ZIP models obtained using the computer simulations of a typical charging system and laboratory experiment. The existence of exponential load models having a range of ZIP coefficients of the battery charger load is verified through laboratory testing as shown in Fig. 9(b) and (c). It should be noted that the more accurate fittings have been achieved with two dependent variables.
B. Implementation of the EV ZIP Model
In general form, for a bus "k" of a system with "N" number of buses as depicted in Fig. 10 , the active and reactive power balance equations can be written as where P s and Q s are the active and reactive power sources; P dk and Q dk are the active and reactive power loads at bus "k." P k and Q k are the active and reactive powers injected into the system and are computed as follows:
where V k and V m are the bus voltage magnitudes at buses "k"and "m," with their respective phase angles δ k and δ m , Y km and θ km are the magnitude and angle of the branch "km" entry in the Y -bus matrix, and "N " is the total number of buses in the system. The bus voltages are found by solving the aforementioned mismatch equations. The EV load model suggested in this paper introduces a modification in the conventional model and confirms that P dk and Q dk are not constant but voltage dependent. Considering the data point of SOC and voltage dependence as given in (14) and (15), the EV ZIP model at bus "k" can be written as
are the active and reactive load powers at the nominal voltage (of 1.0 per unit) at the EV bus. Zp EV , Ip EV , P p EV , Zq EV , Iq EV , and P q EV are the best fit ZIP values obtained using (14) and (15), and their numerical values are given in Table II. In this paper, the Newton-Raphson method was used to solve a set of nonlinear equations given by (19) and (20) with the constant power and ZIP load models for the IEEE 69-bus test system as shown in Fig. 11 [35] . The base case data of this system were used to test the developed ZIP model and to observe the effects of load modeling due to PEVs. Load flow solutions for the distribution system were obtained by embedding the EV ZIP load model in the load-flow algorithm. In the power-flow calculation for the ZIP model given as in (21) and (22), the active and reactive loads are continuously updated after computing the new bus voltages in order to reflect the changes in the bus voltage before considering the next iteration of the Newton-Raphson method.
V. RESULTS AND DISCUSSION
The impact of charging on the distribution system is demonstrated by computing the voltage deviations and the power loss for each EV load model. Voltage deviation in buses can be defined as the difference between the nominal and the actual voltages. In solving the power-flow problem, for all models, the source voltage (root bus) was used as 1.0 per unit with a tolerance of 0.01%. In the analysis, from the base loads as given in the IEEE 69-bus test system, two cases have been considered. In the first case, 25% of the base loads in all buses were considered as EV loads, while in the second case, 50% of the base loads were considered as EV loads. The other normal house load at each bus was treated as a part of a constant power load added to the EV model. This simplification is made because the main focus in this paper is to determine the accurate impact of the EV load model only on the distribution system. It was also assumed that the EV loads are distributed equally in the load buses of the IEEE 69 test system. Fig. 12 depicts the voltage deviations obtained using constant and ZIP load models. The highest voltage deviation was observed on bus 65. Additionally, among the various load models, the constant power model provides the highest voltage deviation, whereas the ZIP load model, when EV load is 50%, gives the lowest voltage deviation. This is due to the fact that the highest voltage-dependent model represents lower loads to the system than the model using constant power. The same fact can be observed in Table III. The table illustrates the values of active and reactive system loads with the power losses of the distribution system for the aforementioned two load models. Compared to the constant power load model, the loads of the system for the ZIP model are reduced. Similarly, a reduction of power losses for the ZIP model (when EV load is 25% and 50%) can be seen in the fourth and fifth columns of Table III . This reduction is observed because of the lower load and slightly higher voltage profile which is updated during the power flow. Furthermore, the constant power load is not responsive, and this is obvious because the constant power model is independent of voltage. The same behavior was also observed for the reactive system load. The differences in power demands and power losses obtained using the ZIP and constant power models are graphically shown in Fig. 13 . These results are directly related to Table III . The reason of the differences in the power losses, as seen from Fig. 13 , is that the power fractions of the constant impedance and constant current of the polynomial function are voltage dependent, whereas in the constant power model, the power demand remains constant. Thus, in the case of high EV penetrations, the power losses represented by the constant model will be increased significantly.
For further evaluation of the ZIP load model, the impacts of EV charging loads on the line power flows have been measured by implementing the constant power and ZIP models. Table IV lists the flow of power in some selected lines based on their locations in the test system. As seen from Table IV, the flows of power in the lines are found to be higher when the system is represented by a constant power load model for both cases (when EV load is 25% and EV load is 50%). Fig. 14 shows the differences in power flows between the ZIP model and constant power models; the results in this figure are directly related to Table IV. These differences indicate that the ZIP model provides the true load behavior for which the load value is less compared with the load value obtained using the constant power load model.
Because the EV charging load is incredibly growing in the power system, it is necessary to assess the true reflection of each load model. It can be evidently observed from Fig. 15 that, due to the use of the constant power model, when EV loads are considered as 50% of the base loads, the EV load represented by the constant power load model shows higher power flows in the lines, which may mislead the system operators to assume that the system is overloaded.
Finally, the results obtained in this section clearly indicate the importance of using the ZIP model as this model reflects the true characteristics of the EV loads which are the important requirement for controller designs and protection settings while EV loads are integrated to the power grid. As a result, the use of a constant power load model is not sufficient to simulate a system containing a large number of EVs while planning for high EV penetration in the future.
VI. CONCLUSION
In this paper, the modeling of EV charging load is addressed, and the impacts of the EV load model were studied through the modeling of a lithium-ion battery pack. A ZIP load model for EV load is developed with appropriate ZIP parameters that reflect the true EV load behavior. The ZIP parameters were verified with the experimental data. The process for the adaptation of the proposed EV load model in the load-flow iterations is demonstrated and used for the analysis of power flows. It has been observed that the distribution loading margin is influenced by the EV load model. The results show that the EV ZIP model can provide true values of the power losses, bus voltages, and real and reactive power demands, which are lower compared with the values obtained using the constant power load model. Hence, it is important to choose the appropriate load model in order to obtain accurate results. As the assessment of load behavior is more complex, particularly for EV charging loads, the proposed methodology is crucial for a realistic system study in the context of future electricity grids. Future work will be focusing on the incorporation of different charging systems including different types of batteries.
